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Jet Beluga: Diver Propulsion Wearable
Scuba diving is a physically and mentally challenging task performed in both
recreational and professional settings. Recreational divers seek to experience the
marine world for extended periods of time without buoyant resistance. Rescue
divers, military personnel, and underwater construction workers train to execute
complicated tasks in a limited time period. Diver propulsion vehicles can improve
the quality of recreational diving as well as the effectiveness of diving as performed
in professional settings. The following report describes the design and motivations
for a wearable diver propulsion device that provides the benefits of increased speed
and mobility while limiting the amount of time the user’s hands are occupied by
the device. Jet Beluga is an underwater jet pack which frees up the user’s hands to
interact with their environment expanding the capabilities of professional divers and
enhancing the recreational experience of amateurs. Four powerful propellers, along
with a turn assist feature allow the user to make sharp angle turns with minimal
bodily contortions while maintaining their velocity. Controlling the device is made
easy by a wrist-mounted controller with an emergency off switch. This report
includes analysis of DPVs currently on the market, outlines the design processes
employed to build the Jet Beluga, and addresses relevant standards for safety and
manufacturing.

AMARAL NEVES, Bernardo
GENTER, Ethan
GRAHAM, Jacob
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1

Introduction

The amount of time a diver can remain underwater, commonly referred to as the diving range,
is restricted by the amount of oxygen that can be carried and the rate at which said oxygen is
consumed. A Diver Propulsion Vehicle (DPV) is an item of diving equipment used by scuba divers
to increase the diving range. A typical DPV uses some sort of battery-powered turbine to propel
the diver forward, thus eliminating the physical act of swimming and greatly reducing the rate at
which oxygen is consumed.
Diver Propulsion Vehicles are currently used by leisure, rescue, industrial, and military divers. A
typical DPV is shown in Fig. 1 below.

Figure 1: A Diver Propulsion Vehicle being used for leisure diving

As can be seen from Fig. 1, the diver must hold on to the DPV with both hands in order to
easily steer it and control the direction of motion. Although existing DPVs have been extremely
successful and serve their purpose very well, there is a big opportunity for improvement, which is
the whole motivation behind this project: we wish to design a hands-free DPV, allowing the diver
to easily perform other tasks while using the device. Because this device would not be hand-held,
it would be called a Diver Propulsion Wearable, or DPW.

4

2

Problem Understanding
2.1

Existing Devices

There are several different Diver Propulsion Vehicles on the market, most of which require the
use of both hands for steering. There are some products that have attempted to allow for hand
freedom, but do not fully meet the user needs.
2.1.1

Existing Device #1: X2 Sport Underwater JetPack

Figure 2: The X2 Sport Underwater JetPack

Link: http://www.supermarinovation.com/products
Description: The X2 Sport Underwater Jet Pack is a unique diver propulsion wearable built for
snorkelers and other leisure divers and swimmers. The product has two propulsion devices that
attach to the user’s arms with handles for grip and maneuverability. The two propulsion devices
are powered by a battery pack that is secured to the user’s back via a series of symmetrical straps.
What characterizes the X2 Sport’s uniqueness is the fact that it is a wearable device, this allows
the user to access the device when needed while not needing to worry about carrying it with them
when not in use. The device is compact, lightweight [6 kg], and convenient but is ultimately limited
by low battery life [60 mins], inability to achieve substantial depth [max. 10 m], modest speed,
[9.67 kph] and lack of compatibility with air tanks.

5

2.1.2

Existing Device #2: Aqua Beyond Sub-Cruiser Wearable DPV

Figure 3: The Aqua Beyond wearable DPV

Link: https://aquabeyond.com/
Description: The Sub-Cruiser, a device created by Aqua Beyond, is a diver propulsion vehicle built
and designed in a similar fashion to many military, wearable DPVs (Diver Propulsion Vehicle).
There exist two propulsion devices, with one being attached to the lateral portion of either thigh
of the user. These straps tie into a larger harness that secures the battery pack to the user’s back.
From the battery pack two wires run to the propulsion devices to provide power. Another wire
runs to a handle-held device that allows the user to control the propulsion devices. The device is
compact, lightweight [10 kg], and convenient, but is ultimately limited by low battery life [40-60
mins], modest speed [6-7 kph], and lack of compatibility with air tanks.
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2.1.3

Existing Device #3: Seadoo RS1 Underwater Scooter

Figure 4: The Seadoo RS1 Underwater Scooter

Link: http://www.seadooseascooter.com/RS_CMS/index.php?option=com_content&view=article&
id=22&Itemid=41
Description: The RS1 Underwater Scooter is a DPV (Diver Propulsion Vehicle) designed and built
by Seadoo. The vehicle allows the user to propel themselves through water by maneuvering the
vehicle in the desired direction and engaging the accelerator. The entire system is housed internally
within a single carriage with the battery and electrical components at the leading edge and the
gliding fan at the rear. There are two handles, one on either side of the vehicle, that allow the user
to hold onto and maneuver the device; controls are easily accessible from these holds for both of
the user’s thumbs. The device is relatively lightweight [10 kg], though this weight is concentrated
in one carriage that the user must hold onto when not in use. The RS1 has only modest speed for
its size [7 kph], though the long battery life [90 mins], its ability to reach depths of 40 meters, and
compatibility with air tanks make it a fairly ergonomic and ideal design for divers.

2.2
2.2.1

Patents
Leg mounted propulsion device for swimmers and divers
(US20040094083A1)

This patent was filed in 2002 and published on May 20, 2004. The patent describes a device
where two rotors are mounted to each of the user’s legs. A control box and battery are connected
to the electric motors which can be mounted easily on the diver’s belt or back. Mounting the
device on the user’s legs allows for a hands free and highly maneuverable diving experience. In
general, the purpose of diver propulsion is to increase a diver’s range, but most devices on the
market are handheld and prevent the user from exploring tighter spaces due to the vehicle’s size.
The leg-mounted device seeks to mitigate these issues.
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Figure 5: Patent Image for Leg-mounted Propulsion Device

2.2.2

Apparatus for propelling a user in an underwater environment
(4,996,938)

This patent was filed in 1989 and was published on March 5, 1991. The patent describes a diver
propulsion device that operates ahead of the user while the user holds onto it from the back. The
device includes two balanced propellers that are attached to the same terminal block. The user can
switch each propeller on and off independently. The apparatus spans a width about twice that of
an average sized diver and extends an additional 2 feet in front of the diver, so the unit has spatial
limitations. Additionally, the device is handheld and occupies both of the user’s hands while it is
being operated. That being said, the device effectively fulfils it’s purpose of increasing the diver’s
range.

8

Figure 6: Patent Image for Patent 4,996,938

2.3
2.3.1

Codes & Standards
Rotating electrical machines Part 20-1 Control motors – Stepping motors
(CLS/TS 60034-20-1)

Propulsion for the diver propulsion vehicle will be provided using rotors driven by electrical
motors. For this reason, we will reference standard 60034-20-1 from the Italian Electrotechnical
Committee. This standard lays out best practice for electrical motor design based on safety and
performance. It will be particularly important to ensure that overheating will not occur during
standard use of the apparatus. Additionally, it will be important to ensure that the torque experience by the rotor will not exceed the torque limit of whatever motor is being used to drive
it.
2.3.2

Welding, Brazing, and Soldering – Materials and Practices
(SAE J1147)

The final design for the diver propulsion vehicle will be made out of metal, most likely aluminum.
It is possible that welding will be used to make fabrication easier or to increase the apparatus’s
durability. For this reason, we will review standard J1147 from the Society of Automotive Engineers
(SAE) which considers best practices and materials for welding, soldering, and brazing. Since this
standard doesn’t consider how welds perform underwater, we may have to find additional sources.

2.4

User Needs

Based on research and communication with the customer, we were able to identify key user needs
and requirements, which will be of utmost importance in the final product design.
2.4.1

Customer Interview

Interviewee: Josh An
9

Location: Louderman 458, Washington University in St. Louis, Danforth Campus
Date: September 6th , 2019
Setting: Our team, along with two other teams that will be working with Mr. An, viewed a presentation that Mr. An had prepared. The presentation described the scope of the project and what he
was looking for in a product. Following the presentation, Mr. An allowed us to ask questions about
exactly what he was looking for. Subsequently, we engaged in a deeper conversation about how we
might be able to design such a product and what prototypes might actually look like. Finally we
discussed how we would interface with Mr. An throughout the design process to continue to meet
his needs and keep him updated on our progress. The entirety of the interview was conducted in
the lecture hall Louderman 458, and took approximately 30 minutes.
Interview Notes:
What is current industry status quo for similar products?
– Current status quo for DPVs or wearables in leisure and military use are that they last for
somewhere around 45 minutes. The devices are normally hand-held vehicles rather than
wearables. Although some wearables exist, they are not compatible with air tanks.
What is missing from the product right now?
– Due to the fact that DPVs realistic for diving at depths of 10-40 meters must be hand held
and not wearable, the user loses the use of their hands. A wearable device that can meet
realistic diving standards and allow hand movement is needed.
– The wearables that do exist for leisure diving are not air tank friendly, meaning that they
can only comfortably used in snorkeling and swimming situations. Creating a wearable device
that is suitable for air tank use is important to extending the use of the product to diving.
To what extent must the user be able to use their hands?
– Full use of hand capability is desired, though for realistic control of the DPV/wearable, a
control interface that attaches to the users wrist, arm, or hand could be acceptable. These
needs and ideas can be investigated further during product development.
Where should the propulsion device attach to the user?
– The device was originally proposed as something that could attach to the user’s back such as
a jet pack would. However, any fashion or ergonomic securement is acceptable so long as it is
wearable and supports the use of air tanks. Attaching the device to the user’s legs or waist
was addressed as a potential option.
What should the device not include?
– Outside of ensuring that the device is not hand-held and is entirely wearable, it is advised
that the DPV not include any type of wing. In the customer’s experience unsteady currents
have the potential to significantly disorient and displace a diver from their course; a wing
would only exacerbate these risks.
What diving metrics must the product meet?
– The device must be able to reach a maximum depth of 40 meters, and it should have a battery
life of 90-120 mins.
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2.4.2

Interpreted User Needs

Based on the customer interview, we generated the table below, which contains information on
all the user needs and their relative importance.
Table 1: Interpreted Customer Needs

Need Number
1
2
3
4
5
6
7
8
9
10

2.5

Need
The
The
The
The
The
The
The
The
The
The

DPV
DPV
DPV
DPV
DPV
DPV
DPV
DPV
DPV
DPV

Importance

is wearable
is compact
is lightweight
is electrically safe in water (no risk of local shock)
can exceed modest speed
is compatible with air tanks
has a long battery life
can operate at a certain depth
allows for use of hands
has cool features

5
4
3
5
3
5
5
4
5
2

Design Metrics

Based on the user needs and requirements, as well as the benchmark set by existing products, we
developed the following acceptable and ideal design metrics.
Table 2: Target Specifications
Metric
Number

Associated
Needs

1
2
3
4
5
6
7
8
9

3
8
7
5
9
10
4
10
2

2.6

Metric

Total weight
Max Depth
Battery Life
Max Speed
Hands-Free
Camera Mount
Waterproof
Measurement Device
Total Volume

Units

Acceptable

Ideal

kg
m
min
km/h
binary
binary
binary
binary
m3

< 14
30
90
4
Yes
No
Yes
No
0.035

< 10
40
120
6
Yes
Yes
Yes
Yes
0.02

Project Management

The Gantt chart in Figure 7 gives an overview of the project schedule.
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Aug

Sep

26

2

9

Oct

16 23 30

7

14 21 28

Design Report
Problem Understanding
Concept Generation
Concept Selection
Concept Embodiment
Design Refinement
Peer Report Grading
Prototypes
Mockup
Proofs of Concept
Initial Prototype
Initial Prototype Demo
Final Prototype
Final Prototype Demo
Prototype Expo
Presentations
Critical Design Review
Final Presentation
Figure 7: Gantt chart for design project
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Nov
4

11 18 25

Dec
2

3

Concept Generation

At this point in the project, we have a solid understanding of most design parameters, including
project scope, user needs and requirements, existing products and patents, and required engineering
standards. We have developed target specifications and final design goals for our product. The next
step is Concept Generation, which allows us to identify the best available design options for this
project.

3.1

Mockup Prototype

Mockups are extremely important in the engineering design process. A mockup is a scale or a
full-size model of the desired final product, and it is usually used for testing and design evaluation.
Mock-ups address the idea captured in a popular engineering one-liner: ”You can fix it now on
the drafting board with an eraser or you can fix it later on the construction site with a sledge
hammer.”[1]
When designing a first mockup for the Hands-Free DPV, our main goal was to gain a better idea
of how the turbines and air tank would stay together, and how the full device could be attached
to the user. For simplicity, we limited our material selection to wood, PVC pipes, and hot glue.
Nevertheless, we created a very cool mockup which we believe is fairly representative of what the
final design will look like. It is shown in Figs. 8 through 11 below.
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Figure 8: Isometric view of the Hands-Free DPV Mockup
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Figure 9: Top view of the Hands-Free DPV Mockup
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Figure 10: Close look at the turbine on the Hands-Free DPV Mockup
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Figure 11: Hands-Free DPV Mockup as worn by the user
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3.2

Functional Decomposition

The first step in concept generation is called Functional Decomposition, through which the overall
function of the device is broken down into smaller sub-functions, which when combined fully define
the device.
Functional Decomposition is usually represented through a Function Tree, which shows the dependencies between the sub-functions of a larger and more complex system. For this project, the
Hands-Free DPV must propel the user underwater while allowing tasks to be performed with one’s
hands. The Hands-Free DPV Function Tree is shown in Fig. 12 below.

Scanned with CamScanner

Figure 12: Function tree for the Hands-Free DPV, hand-drawn and scanned
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3.3

Morphological Chart

Scanned with CamScanner

A function tree is a very useful tool in engineering design because it allows the design decisions for
each of the sub-functions to be made independently of one another. This is usually done with the
help of a Morphological Chart, which lists multiple possible solutions to each of the sub-functions
in the function tree.
A morphological chart is a visual way to explore alternative means of achieving the necessary
product functionality. For each element in the function tree, there are usually several different
solutions. The chart enables these solutions to be expressed and provides a structure for considering
alternative combinations. Used appropriately, it can help to encourage a user driven approach to
the generation of potential solution. [2]
The morphological chart developed for this project is shown in Figs. 13 and 14 below.

Figure 13: Morphological Chart for the Hands-Free DPV (1)
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Scanned with CamScanner

Figure 14: Morphological Chart for the Hands-Free DPV (2)
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3.4

Alternative Design Concepts

In Sections 3.4.1-3.4.3, a few complete design concepts are synthesized using items from the
morphological charts in Figs. 13 and 14.
3.4.1

Jet Pack

Figures 15-20 show some prototype sketches for a DPV that is much like an underwater jet pack.

Figure 15: Jet pack DPV preliminary sketches
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Figure 16: Jet pack DPV preliminary sketches continued

Figure 17: Jet pack DPV air tank accommodation
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Figure 18: Jet pack DPV backpack mechanism

Figure 19: Jet pack DPV turbine closeup
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Figure 20: Jet pack DPV wrist display closeup

Solutions from morph chart:
1. Provide an external battery to power the 3 devices
2. Use straps to attach to back
3. Device self contained on/in a backpack-like frame
4. Screen on wrist
5. Dual turbines attached to back
6. Air tank attaches to two-turbine device
7. Wrist Display
Description: A prototype for this design was executed and the result can be seen in Figs. 8-11.
Some of the main distinguishing features of this design are that there is a controller and display
located on the user’s wrist that can be used to start and stop the mechanism, modify speed, track
depth, and track relative position. A feature to control each turbine individually to assist the user
in turns may be added later. This design has two turbines that are attached to a backpack which
accommodates one large standard air tank in between them. The frame will likely be made out
of aluminum to reduce the weight while maintaining the device’s strength. There will be a large
battery pack used to control both turbines and the command module on the user’s wrist. The
battery pack will be positioned below the air tank and on top of the user’s lower back.
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3.4.2

Wrist Turbines

The general idea behind this design is shown in Figs. 23 and 24 below.

Scanned with CamScanner

Figure 21: Preliminary sketches of ”Wrist Turbines” concept
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Scanned with CamScanner

Figure 22: Final sketches of ”Wrist Turbines” concept

Solutions from morph chart:
1. Turbines on wrists
2. Control panel on user’s chest
3. Air tank on user’s back
4. Wrist display
5. Turbines and tank attached to user with straps
6. External and independent battery packs
7. Device has accompanying suitcase
Description: This was the first design alternative that came to mind during the customer interview.
It involves two separate turbines, which would be strapped to the user’s wrists. The air tank would
be attached to the user’s back, and a simple control panel would be placed on their chest. This
design has a couple of main advantages:
• Placing the turbines on the diver’s wrists allows them to be operated separately, making it
very easy for the user to control their direction of motion.
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• With the turbines on the diver’s wrists, their back are completely free, meaning that a traditional air tank can be used.
However, this design’s big flaw lies on the fact that the turbines would be powered separately.
This means that they would require separate battery packs, and thus could run out of power at
different times, which could be a hazard for the diver.
3.4.3

Diver Propulsion Vehicle - The Leg Diving Rocket (tl;dr)

Figure 23: Preliminary sketches of ”The Leg Diving Rocket” concept
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Figure 24: Final sketches of ”The Leg Diving Rocket” concept

Solutions from morph chart:
1. External battery pack
2. Leg turbines
3. Small pieces that disassemble into bag
4. Screen on wrist/forearm
5. Dual turbines attach to user
6. Dual turbines attach to user’s limbs
7. Wrist/Forearm display
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Description: The Leg Diving Rocket aka tl;dr is a diver propulsion vehicle/wearable that gives the
diver a hands free assisted diving experience. This simple system uses dual turbines attached to
the user’s thighs in order to propel them through the water. These turbines are powered by a
rechargeable battery pack that attaches to the user’s lower back. The final component of the tl;dr
is a computer system and display that attaches to the user’s forearm/wrist; this system allows the
user to read the characteristics of their current diving situation (e.g. speed, depth, turbine power
etc).
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4

Concept Selection

At this point in the project, we have envisioned three alternative design concepts based on user
requirements, existing products, and engineering standards. These are presented in section 3.4
(”Alternative Design Concepts”). Now, we must decide which of these concepts best meets the
specified user needs while still being feasible with the resources available to us.
This is done through a careful and systematic process, through which specific selection criteria
are selected and ranked in terms of overall relevance to the final product. Then, each design concept
is rated according to these criteria, and the winning concept is selected for construction.

4.1

Selection Criteria

In order to select the winning concept, we must first decide which design criteria are most important to our project. This is done through an Analytical Hierarchy Process (AHP), in which all
criteria are quantitatively compared to one another, allowing us to rank them in terms of overall
importance to the project.
For this specific project, we selected the following criteria:
• Weight: Overall weight of the device
• Max Depth: Maximum operating depth of the propellers
• Battery Life: Amount of time the batteries are capable of supplying power to the propellers
• Max Speed: Maximum speed the propellers are able to provide
• Hands Free: The user must have complete hand-freedom
• Waterproof: It must be easy to waterproof the device
Our results are shown in Fig. 25 below.

Figure 25: Analytic Hierarchy Process (AHP) to determine scoring matrix weights
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4.2

Concept Evaluation

After using the AHP table shown in the previous subsection to determine the relative weights of
each selection criterion, we used a Weighted Scoring Matrix (WSM) to help us decide between the
alternative design concepts presented in the ”Concept Generation” section. In a WSM, each design
concept receives a rating from 1 (worst) to 5 (best) for each criterion. Based on the weights of each
criterion, a total score is calculated, and the design with the highest total score is considered the
winning concept. Results are shown in Fig. 26 below.

Figure 26: Weighted Scoring Matrix (WSM) for choosing between alternative concepts

From the WSM above, we see that the ”Jet Pack” concept, which consists of a waterproof frame
to which the underwater propellers are attached, was the winning concept.

4.3

Evaluation Results

As mentioned in the previous section, the ”Jet Pack” design was selected as the winning design
concept. Here, we wish to discuss in further detail the scores given to this concept in the WSM:
• It got a relatively low score (2/5) for the ”Weight” criterion because the frame that will hold
the air tank and propellers will most likely be made out of metal, and thus will be fairly heavy.
• It got an average score (3/5) for the ”Max Depth” criterion because the design of the DPV
should not affect the maximum depth at which the propellers are able to operate.
• Similarly, it got an average score (3/5) for the ”Battery Life” criterion because the design of
the DPV has no effect on the amount of energy stored in the battery packs.
• It got a perfect score (5/5) for the ”Max Speed” criterion because this design allows for use
of 4 propellers (2 on each side), whereas the two other designs only allow for the use of 2
propellers, and thus half the thrust.
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• It got a perfect score (5/5) for the ”Hands Free” criterion because, similar to design concept
3, it gives the user complete hands freedom.
• Finally, it got a perfect score (5/5) for the ”Waterproof” criterion because having a single
frame housing the entire system allows for a centralized waterproof location for the battery
packs, circuit boards, and microcontrollers, as well as a minimum amount of wiring.

4.4

Engineering Models/Relationships

This section lists and describes some models, diagrams, and charts that will be useful in predicting
the performance of the chosen design concept.
4.4.1

Drag Force Balanced with Thrust on a Diver

This subsection describes how a force balance can be used to equate drag force on the diver with
thrust provided by the propellers.
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Figure 27: Free-body diagram equating drag force and thrust force; Variables defined and related to drag force

Figure 27 shows a free body diagram of the diver, where the drag force is assumed to be equal
to the thrust force once a certain constant diver velocity is achieved. In this model, it is assumed
that the buoyant force of the diver can be modified to match the gravitational force artificially. The
equation for drag force as it relates to fluid density, cross sectional area normal to motion, velocity,
and a calibrated drag coefficient. Since the drag coefficient is a function of velocity, drag coefficient
is most easily obtained experimentally. Drag coefficient have been estimated for divers wearing
standard equipment in seawater at various velocities has been measured in the past. These values
will be used in a sample calculation to predict thrust necessary to propel a diver approximately
0.75 m/s or 1.67 mph, which is a about how fast a fully equipped diver moves through water by
their own power. This sample calculation is shown below in Fig. 28.
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Figure 28: Sample calculation for thrust necessary to propel a diver carrying typical equipment at 0.75 m/s through
seawater.

Figure 28 results in a required thrust of 2.306 kg to propel a diver carrying typical equipment at
0.75 m/s through seawater. The drag coefficient of 0.4, the cross sectional area, 0.195 m2 and the
reasonable velocity of 0.75 m/s were selected using values from reference [3], which can be found
in the bibliography. However, it’s important to note that the propulsion device itself will increase
the cross sectional area normal to velocity, it will increase the potential velocity of the diver, and
likely increase the drag coefficient as well. With this in mind, it will be necessary to predict the
additional drag force resulting from these changes to estimate how fast the diver will be able to go
with what thrust while wearing the device.
4.4.2

Wing Bending Moment and Tip Deflection

The following section describes the way in which the bending moment of the jetpack’s wing
structure as well as the tip deflection of those wings will be calculated. These results will provide
insight into effects of compressibility, wing structure, and material selection.

34

Figure 29: Simplified model of the jetpack wing, assumptions of the model, variables defined and relating equations
of interest.

Figure 29 shows the simplified model of a wing to be used in calculation. The complex analysis of
a swept is left for a simple rectangular wing approximation. Other significant assumptions include:
the lift will act at the 1/3 semi-span, the maximum angle of attack will not exceed 5 degrees, the fluid
is seawater, and the wing material is PLA. The key equations in calculating the bending moment are
those of the lift coefficient, lift, and the bending moment equation [4]. Those important to the tip
deflection are the equations for theta and deflection itself [4]. For this calculation, the span and chord
lengths of the wing were approximated to fit current design parameters the team has constructed in
independent CAD models. The roll stiffness of the wing was calculated using the equation shown
and the shear modulus of PLA plastic [5], and the velocity of the pack was approximated at 1.8
m/s, a conservative estimate for a top end speed of a diver moving through water. The rest of
the constants needed for calculation have also been defined based on the conditions described and
stated assumptions. The completed sample calculation can be seen below in Figure 30.
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Figure 30: Sample calculation for the jetpack’s wing bending moment and tip deflection using a PLA material and
moving at a speed of 1.8 m/s

Figure 30 shows the lift coefficient, lift, bending moment, theta and tip deflection calculations
described by the model in Fig. 29. The model’s observed bending moment is 2.8479 Newtons,
producing a tip deflection of negligible distance at a tenth of a micrometer. These calculations, as
previously stated, give us insight into the effects of compressibility, wing structure, and material
selection. As can be seen in the calculations, compressibility of the fluid is not of large concern.
Seeing as seawater at under conditions of relatively low speeds is not an elastic fluid and this model
has been adopted from the elastic solutions of an airplane wing, this should be expected. However
this model will still be important in evaluating the wing structure and material selection of the
wings. A low bending moment and tip deflection means that the stiffness of PLA is more than
enough to sustain the diving conditions. Thus, materials of less strength as well as thinner wings
can be explored in design. These calculations should continue to be referenced as though decisions
are made.
4.4.3

Predicting Device Battery Life from Battery Capacity and Thrust

This section outlines methods by which the battery life of the diver propulsion vehicle can be
estimated based on the listed battery capacity and constant propeller thrust. Figure 31 shows the
model and defines equations and variables that allow us to use this model.
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Figure 31: Model to predict battery life from propellers operating at constant thrust.

Four propellers will probably be used for the final prototype and they will all likely be operating
at the same average current, voltage, and therefore, power level. With this in mind, it is assumed
that the right side of the last equation in Fig. 31 can be multiplied by the number of propellers to
obtain the battery life (t) from the battery capacity (Wh). If more than one battery is used, then
the left side of the same equation will be multiplied by the number of batteries to represent the
extra battery capacity available. If multiple propellers are powered by the same battery, they will
be connected in parallel, so the current will split evenly to each propeller.
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5

Concept Embodiment

Now that several design options have been considered, as described in the Concept Selection
section of this report, and the best options have been tested as proofs of concept, we now move on
to designing our initial prototype. The main goal of this prototype is to allow us to evaluate our
design decisions on a real working system rather than on a theoretical one.
The word prototype derives from the Greek prototypon, meaning ”primitive form”, protos, meaning ”first”, and typos, ”impression”. Thus an initial prototype is supposed to be the first materialization of the ideas we selected on paper.

5.1

Initial Embodiment

From an engineering perspective, there is a huge jump from the selection of design ideas and
the visualization of abstract concepts to the specific manufacturing drawings from which the final
product can be made safely and reliably. If said jump is made without sufficient thought, then
modeling, and testing, design failure is very likely.
In this section of the report, we explore, in detail, the design decisions that were made throughout
the prototyping process, as well as the rationale behind them. Additionally, we present several
computer models of the prototype that helped us bring the design to life and tweak some of our
original ideas.
A lot of work was put into modelling the initial DPW prototype in Solidworks. Figure 32 below
shows the three standard views of our CAD model, as well as an isometric view. Special attention
should be given to the beautiful wings on either side of the cylindrical support, to which the
propellers will be attached. The wings will also house most of the necessary Arduino wiring, for
aesthetic purposes.
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Figure 32: Assembled projected views with overall dimensions

Figure 33 below shows a larger isometric view of the prototype design. This view allows us
to easily see how the different components of the DPW interact with each other. The air tank
carried by the diver will be held within the cylindrical support, to which the prototype wings will
be attached. These wings, designed like airfoils for decreased drag, make it easier for the user to
control the direction of motion, and provide support the four propellers, which will actually generate
the thrust to push the diver forward. Finally, the wing attachment is bolted onto a soft surface,
which will be in direct contact with the user’s back. This surface is responsible for reducing the
vibrations of the device and increasing the overall comfort of the prototype.
Another important aspect to note here is the materials from which the cylindrical support and
wing attachment are made:
• The cylindrical support is made out of PVC, since it is a cheap and relatively light material
which is strong enough to support the weight of an air tank (35 to 40 lbs) without excessive
deformation.
• Because of their complexity, the DPW wings had to be 3D-printed, and thus are made out
of PLA. This polyester works well here since it is also a cheap option, which is light and
relatively stiff.
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Figure 33: Assembled isometric view with bill of materials (BOM)

Finally, Fig. 34 below shows an exploded view of the DPW prototype. This view allows us to
better visualize the prototype connections, and how the different parts of the design are connected
to each other. Note, for example, that the four propellers will be screwed on to the wings, both for
safety and performance reasons.
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Figure 34: Exploded view with callout to BOM

As can be clearly seen in Fig. 34, the initial prototype components are:
• The Cylindrical Air Tank Support: responsible for supporting the air tank and holding
it in place.
• The DPW Wings: responsible for making the prototype aerodynamic and supporting the
the propellers.
• The Propellers: responsible for providing the thrust that will push the diver through the
water, the propellers are individually powered by 12V batteries and controlled by an electronic
speed controller attached to an Arduino circuit board.
• The Propeller Cage: the space within the hollow wings responsible for housing the Arduino
circuitry.
• The Wood Attachment: a simple 2-by-4 piece of wood responsible for elevating the cylindrical support from the back of the user.
• The Rigid Backpack: part of the prototype that will be in direct contact with the user.
Responsible for increasing comfort and usability.
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5.1.1

Prototype Performance Goals

In designing the initial prototype for this project, we determined some performance goals based
on our concept selection process, similar existing products, user needs and requirements, and our
developed mathematical models. These goals were:
1. The prototype weighs less than

1
4

of the weight of an air tank

2. The prototype frame is comfortable and adjustable: a person 5’3” to 6’4” in height should be
able to comfortably walk around wearing it for at least 5 minutes
3. The user has the option to turn on a ”turn assist” feature, which will allow him/her to make
a turn more easily underwater
Regarding goal 1, our initial prototype was barely heavier than the threshold we set for ourselves.
Weighing in at approximately 12 lbs, the prototype was 2 lbs heavier than the 10-lb mark (a typical
air tank weighs between 40 lbs and 42 lbs when filled with air). The number 14 was set fairly
arbitrarily, as we expected air tanks to weigh upwards of 80 lbs when we set this performance goal.
For our final design we might have to re-evaluate this number to 13 or 12 .
Goal 2 was a complete success. Attaching the cylindrical support a soft surface made it extremely
comfortable to wear, and backpack straps were used to make the design easily adjustable. This
is demonstrated in section 5.2 of this report. Goal 3 was also successful. By using a buttonpotentiometer setup on the Arduino, we are able to control the power supplied to each propeller
separately. Therefore, the propellers generate different amounts of thrust on either side of the user,
resulting in a torque which makes it easier for the diver to make a turn. This is currently done
with a button on the Arduino board, which allows the user to switch between No turn assist, Turn
assist to the left, and Turn assist to the right. We are looking to improve the user experience for
this component of the design by using Bluetooth controls directly from the user’s phone.

5.2

Proofs-of-Concept

A Proof of Concept is a small exercise that allows designers to test design ideas and assumptions.
It is the first step in getting ideas off the paper and onto a real engineering system. The main
purpose of developing a Proof of Concept is to demonstrate the functionality of a specific design
component and to verify certain theories as to how these components will behave when in actual
use. With this goal in mind, we selected two important design parameters to test as Proofs of
Concept:
1. How to attach the DPW to the user
2. How to develop a ”turn assist” feature
Firstly, we wanted to show that using backpack straps was an effective and comfortable way of
securing the equipment to the diver, while also making the whole device adjustable to people of
different heights. This is shown in Fig. 35 below.
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Figure 35: Proof of Concept 1: How to attach device to the user?

With this simple design, we were able to confirm that backpack straps make for a comfortable
and adjustable method of attaching the DPW to the diver. Our main lesson from this Proof of
Concept trial was that we would need to somehow separate the cylindrical air tank support from
the back of the user. This was done in our initial prototype with a simple 2-by-4 piece of wood
bolted between the wing attachment and the soft surface in contact with the diver.
Secondly, we wanted to determine how to effectively implement a ”turn assist” feature that can
be easily controlled by the user and allows him/her to more easily make a turn underwater. We
wanted to test the idea of providing different voltages to propellers on different sides of the user.
The hope (supported by math and physics) was that the force unbalance on the left and right sides
of the user’s body would ultimately generate a torque that would help the diver turn in the direction
he/she wanted to go. This was tested with the simple device shown in Fig. 36 below.

Figure 36: Proof of Concept 2: Implementing a ”Turn-Assist” feature

As can be seen in Fig. 36, the device allows a piece of wood to rotate easily about its center of
43

mass. The propellers are attached to opposite sides of this piece of wood and are, initially, given the
same voltage. In this case, they both generate the same thrust, and thus there is no force unbalance,
meaning there is no torque and no rotation of the piece of wood. However, with a simple push of
a button on the Arduino board, the voltage provided by to the left propeller is halved, and so is
the thrust it generates, and the piece of wood starts to rotate counterclockwise. Another push of
the button inverts this situation, and the piece of wood starts to rotate clockwise. Finally, another
push of the button turns ”turn-assist” off, and the piece of wood ceases to rotate.
Thus we decided that our initial prototype would have the turn-assist feature controllable through
the Arduino.
Finally, it is important to note that there are no big differences between our initial prototype and
the design decisions made in the ”Concept Selection” section of this report. The initial prototype
is indeed a jet-pack attached to the user’s back, with the propellers on either side of the cylindrical
air tank support. The only change we intend to make to our final design is that controls of the
DPW will no longer be displayed on a circuit board on the user’s wrist. Instead, all the controls will
be available on an app similar to the one shown in Fig. 37 below, which will communicate to the
propellers directly via Bluetooth. This was an easy change to make because it does not significantly
increase the price of the device, but it makes it drastically safer, cooler, and more user-friendly.

Figure 37: Future App for controlling the DPW
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6

Working Prototypes
6.1

Overview

The design process documented in this report culminated in a final prototype which shows that
the creation of a hands-free Diver Propulsion vehicle is possible. More detailed descriptions of the
working prototype are given in the following sections.

6.2

Initial Prototype

Our initial prototype, shown in Fig. 38 below, had its design strongly influenced by the proofof-concept discussed previously. Its main components were the backpack mount, which allowed the
prototype to be comfortable and adjustable to different heights, the PVC housing for the air tank,
and the wings, which housed the batteries, the speed controllers, and the propellers.

Figure 38: Initial Prototype Design

This initial prototype was fairly successful in achieving the previously discussed prototype per45

formance goals:
• Turn assist was achieved through the use of a button, which, when pressed, would cut the
power supplied to the propellers on one side of the diver in half, thus generating a torque
which would help the user turn underwater.
• The initial prototype was, thanks to the backpack mount, extremely comfortable and easily
adjustable to users of different heights.
• The weight of the initial prototype was slightly greater than desired. The goal was to keep
the device under 10 lbs, and this prototype weighed just over 12 lbs.
After an additional design cycle, focused specifically on improving small flaws and issues with
the initial prototype (discussed in more detail in the ”Design Refinement” section of this report,
our final prototype was finished.

6.3

Final Prototype

Similar to the initial prototype, the final prototype has three main components: the backpack
mount and straps, the PVC sleeve for the air-tank, and the 3D-printed wings. As shown in the figures
below, the wings house the propellers, the batteries, and the speed controllers. These are completely
controlled by an Arduino microcontroller, which sits in a small 3D-printed case on the user’s back.
The Arduino is also wired to a small breadboard on the user’s wrist, with which the propellers can
be controlled. The prototypes on either side of the user are controlled independently, with separate
potentiometers, such that the speed of the DPW can be easily controlled and turn assist can be
easily achieved. Finally, the controller on the final prototype also included an emergency button,
which immediately cuts the power supply to propellers if necessary.
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Figure 39: Final Prototype - Wing and Propellers
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Figure 40: Final Prototype - ESCs connected to propellers in the wing
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Figure 41: Final Prototype - Wrist controller
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Figure 42: Final Prototype as worn by the user
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7

Design Refinement

No engineering design process is truly complete without the iterative process of design refinement.
This procedure is done both quantitatively, by repeatedly testing the prototype and identifying
critical areas that require improvement, and qualitatively, by improving the current prototype for
usability, safety, and manufacturing. Our design refinement process is fully documented in the
sections that follow.

7.1

FEM Stress/Deflection Analysis

In an effort to understand how different components of the prototype would react while in use,
it was important to simulate scenarios descriptive of the prototype’s environment. The prototype
component that was chosen for this analysis was the wing, picked for it’s complex geometry which
makes it more difficult to model without the use of software. The environment that the simulation
sought to model was travel of the wing at a depth concurrent with what a leisure diver might
experience (i.e., 10 to 20 meters). Due to the fact that the prototype is not built to move its
user at any speed faster than a few miles per hour, it was assumed that the force experienced
at the leading edge of the wing due to flow stagnation would be relatively small, though not
insignificant. Therefore, the main source of stress on the prototype wings is the static water pressure,
especially because the wing has relatively thin walls, and the pressure at the considered depths
reaches relatively large values between 0.2 and 0.3 MPa. In an effort to approximate this stress
state, a Solidworks simulation employed point forces of magnitude 1 Newton acting on small areas
of the wing surface at several locations, including the leading edge and upper and lower walls. The
flange of the wing was assumed fixed as it is bolted to the rest of the prototype. Furthermore, the
mesh used in this simulation was the one suggested by Solidworks. We elected to not make any
changes to the suggested mesh due to the wing’s complicated geometry. While this model seeks to
mimic the conditions of diving at depths of 10 to 20 meters and is fairly realistic and successful,
future models should seek to do more in-depth calculations to confirm boundary conditions and set
up. The use of distributed loads instead of point forces to represent the hydro-static stress state
on the wing is a potential improvement to the model. Pictures of the simulation set-up and results
are shown below.

Figure 43: Fixed flange and outside pressure boundary conditions.
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Figure 44: Stress Distribution

Figure 45: Displacement Distribution

As indicated in Fig. 44, the maximum stress the wing will expected to experience is approximately
7.5 KPa. Considering that our wing is made out of PLA, which has a yield stress of 26 MPa, we
see that the operating stresses are well below the material’s strength, with a factor of safety well
over 3000!
Furthermore, as shown in Fig. 45, the maximum displacement the wing is predicted to experience
is a negligible 0.19 mm. We do not expect this displacement to represent any sort of problem to
the operation of the prototype, as it is not large enough to cause misalignment or undesired contact
between the component parts. One possible concern, however, in case one ever attempts to make
this design fully waterproof, is that any deflection of the wings (which house most of the device’s
circuitry) may allow water to flow in and damage the Arduino circuit board.
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7.2

Design for Safety

A great engineering design that does not take into consideration the safety of its users is a poor
engineering design. Engineers, especially those designing consumer goods, should always have the
safety and well-being of its intended buyers as a top priority. Additionally, it is also important to
consider how the product can negatively affect entities other than the product’s user, such as the
environment or the people manufacturing it.
Designing for Safety requires engineers to identify all risks and potential flaws associated with
their product, then come up with ways to fix those flaws and mitigate such risks. During this
process, it is important to realize that products are not always used exactly as they were designed
to be, which means that most products pose more risks to their users than one might think. It
is extremely important that all these risks be considered and mitigated to some extent during the
design process.
With the goal of designing a Diver Propulsion Wearable that is as safe as possible, we have
identified and addressed the following five risks associated with our current prototype:
7.2.1

Risk #1: Electrocution

Description:
The Diver Propulsion Wearable involves several electric components and a significant amount of
wiring. Therefore, especially underwater, there is a risk of electrocuting the user.
Severity:
Critical. The voltage provided by the batteries is not strong enough to pose a serious threat to
the user’s health in case of electrocution, but a short circuit in the wiring of the DPW would render
the device inoperable underwater.
Probability:
Seldom. With use of proper insulation and careful assembly, the risk of short-circuiting the device
is very small.
Mitigating Steps:
This risk can be completely mitigated with the use of proper insulation for the Arduino circuit
board, the electronic speed controllers, and the batteries powering the DPW propellers.
7.2.2

Risk #2: Injury from Propellers

Description:
Our current prototype contains four propellers, all of which have very sharp blades rotating at
speeds fast enough to cut the user or people around the device.
Severity:
Catastrophic. The propellers pose a serious threat to the health of the user and other people.
Probability:
Seldom. This is only a real risk if the device is not used as intended. With the current design,
the user’s hands are nowhere close to the rotating blades.
Mitigating Steps:
To mitigate this risk, we decided to create propeller cages, meant to isolate the propellers’ blades
from its surroundings. These completely envelop the propellers and eliminate any risk of injury to
the user.
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7.2.3

Risk #3: Injury from Dropping the DPW

Description:
Even though we are working to reduce the total weight of our prototype, the DPW will be of
considerable weight, and dropping it or misplacing it could hurt someone’s legs or feet.
Severity:
Critical. Again, there is a threat to health of the user and other people around the device, but
not as severe as cuts from the operating propellers.
Probability:
Occasional. We, as engineers, cannot control how the users will handle the DPW out of the
water. Therefore, we assume that it will be misplaced and dropped on occasion.
Mitigating Steps:
The best way to mitigate this risk is to handle the device with care. To minimize the negative
impact of its occurrence, we have aimed to minimize the weight of the DPW, and to make sure that
there are no sharp edges on the device.
7.2.4

Risk #4: Arduino Code Malfunction

Description:
Even the best-written softwares have potential flaws. Especially because the DPW controller
depends on buttons and potentiometers, there is a possibility that the code controlling the propellers
will malfunction, and the device will not operate as expected.
Severity:
Negligible. Even though the device would not operate as desired, it would not pose a threat to
the user, especially at leisure-diving depths.
Probability:
Unlikely. Computers are very reliable, and our code has been tested and debugged several times.
Mitigating Steps:
Testing and Debugging under different operating conditions. We need to make sure that code is
prepared to handle any array of inputs the user can possibly generate.
7.2.5

Risk #5: Battery Leaks

Description:
The current prototype of the DPW is powered by four 12V lithium-iron Batteries. If these
batteries are damaged, they could leak toxic chemicals and be damaging to the environment.
Severity:
Marginal. Although slightly lower in energy density, the system in lithium-ion batteries is safe,
providing certain precautions are met when charging and discharging. Today, lithium-ion is one of
the most successful and safe battery chemistries available [6].
Probability:
Unlikely. The purchased batteries are from a trusted manufacturer, and would have to be intentionally removed from the DPW and damaged in order to leak.
Mitigating Steps:
To minimize the risk of the batteries being damaged, we have chosen to keep them isolated from
the user, since they only need to be connected to the electronic speed controllers.
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7.2.6

Heat Map

A systematic approach to identifying potential risks in any engineering design is a Heat Map,
which, based on the severity of each flaw and probability of its occurrence, outputs which issues
should be prioritized and solved more urgently. Based on the risks described above, we generated
the following heat map for our prototype.

Figure 46: Heat Map for the current DPW prototype

As shown in the Heat Map above, our biggest priorities should be mitigating the risks of injury
from dropping the DPW and from the propeller blades. This is rather fortunate, as steps have
already been taken to address both of these issues. One of our final prototype performance goals, in
fact, requires us to reduce the weight of the prototype. Similarly, we have already designed and 3Dprinted guards that drastically reduce the risk of injury caused by the propellers, as they effectively
isolate the rotating blades from the rest of the device. Finally, the Heat Map also suggests that we
address, with moderate urgency, the risk of electrocution. We plan to address this risk by keeping
the device’s wiring and circuitry as far from the user’s reach as possible.
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7.3
7.3.1

Design for Manufacturing
Draft Analysis

It is important to address advanced manufacturing techniques during the prototyping phase to
ensure that the final product can be manufactured swiftly and easily. In the case of the DPW, the
electrical box will likely be cast. Suction caused by 90o edges can make it difficult to remove cast
parts from the mold. Solidworks was used to conduct a 2o draft analysis on the lid of the electrical
box. The result is shown in the top portion of Fig. 47. The yellow surfaces indicate where drafting
is necessary. To resolve these faces, 3o draft angles were added to all of these faces resulting a fully
positively drafted as seen in the second image in Fig. 47.

Figure 47: Solidworks draft analysis with 2o draft angle (above). Solidworks draft analysis after applying 3o drafts
(below).

7.3.2

DFM Analysis

In analyzing the different manufacturing techniques used to produce a potential product, it
is often necessary to simulate the actual production of the product’s parts. To perform such a
simulation Solidworks was used to construct a DFMXpress model that analyzed the use of two
different manufacturing techniques: Milling/Drilling and Injection Molding. Both simulations were
run on Solidworks default settings. Both simulations helped to analyze the manufacturing processes
that could potentially be used to produce the DPW’s wing. In instances of unrealistic or nonphysical processes, the simulator would share a failure message suggesting improvement or indicating
why failure occurred. Two of those failures are shown below in Fig. 48 and Fig. 49.
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Figure 48: A DFMXpress failure message encountered when analyzing the Drill/Mill Only manufacturing process.

Figure 49: A DFMXpress failure message encountered when analyzing the Injection Molding manufacturing process.

7.4

Design for Usability

When bringing a product to market, it is imperative that the designer understand the target
demographic, which in this case is recreational divers. It might also be valuable to understand
how the product’s accessibility can be increased to accommodate a wider audience of users with
impairments. Following are some examples of such impairments and considerations resulting from
the DPW prototype to this point.
VISION IMPAIRMENT
The prototype includes visual cues that are all within arm’s length. The final setup would be a
Bluetooth app that controls thrust output from the propellers and allows the user to use a turnassist feature. The interface of the app is very simple, with an on/off button, turn assist toggle,
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and a bar to vary speed. It is likely that these will be clearly visible. However, if someone is
visually impaired, it might be better to use physical switches and nobs to allow the user to execute
commands. Perhaps this could be a customizable option.
HEARING IMPAIRMENT
The prototype does not use any audible cues to receive or deliver information to the user. The
entire process of scuba diving, in fact, uses little to no verbal communication. When diving with a
partner, the divers usually coordinate to keep track of their position relative to where they began,
their velocity and depth, and their positions relative to one another. More advanced divers can
track all of these factors alone, but all of these important factors are unrelated to verbal cues.
PHYSICAL IMPAIRMENT
Physical impairments such as arthritis and muscle weakness are definite concerns when operating
the DPW. The controls will use a touchscreen app that will be easy for someone with arthritis
to use. If someone has minor muscle weakness that had previously prevented them from scuba
diving, this wearable device itself might allow them to scuba dive safely under the power of the
DPW. For this scenario, the user would need a very accurate and reliable estimate of battery life
which is currently outside the capabilities of the prototype. If someone has more severe arthritis or
another physical impairment such as limb immobilization or muscle weakness they might be better
off avoiding scuba diving altogether since it is a dangerous activity for even the best trained divers.
CONTROL IMPAIRMENT
Much like the analysis for physical impairment, the device itself requires the user to be able to use
the touchscreen to change the thrust and assist settings. The user should never operate this device
if their is substantial risk that they have any side effects to medications while diving as these could
become fatal underwater. If a user is easily fatigued, it is possible that the propulsion mechanism
will allow them to scuba dive when they previously could not. However, the user should be aware
that monitoring oxygen levels and battery life are particularly dangerous concerns for them; thus
battery life monitoring becomes a critical feature.

8

Discussion
8.1

Project Development and Evolution

Does the final project result align with its initial project description?
– Our initial project description was to design an underwater diver propulsion wearable, that
was both hands free, air-tank compatible, and built for leisure diving up (i.e. a diver should
be able to reach depths of 30-40 meters and should be able to travel around 3-6 mph). Given
that many diver propulsion wearables that exist today cost well beyond the 500 dollar budget
we had, and required much more than a couple of months to develop, to realistically deliver
on the product description would have been quite difficult.
Our product embodied a number of the fundamental necessities that the description laid out.
Our design is a diver propulsion wearable, meaning that it is not a handheld diver propulsion vehicle (DPV), instead it is a backpack with a mounted propulsion mechanism and wrist
controller. In terms of the other description goals: the wrist controller effectively made our
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product hands free as compared to DPVs, the propellers could theoretically deliver enough
force to help a diver travel 3 mph, the design was air tank compatible (though the final prototype blocked the air tank compatible slot), and the structural components of the prototype
could theoretically withstand the hyrdostatic pressure at 40m. However, our prototype’s electrical components were not water proof and many parts of the structure were not sealed for
leakage either. So while our prototype in it’s rudimentary design meets the description of
the initial project, it is not actually waterproof and/or directly compared to all of the initial
project description goals. Therefore, to say that final prototype aligns with the initial project
description would only be a half truth.
Was the project more or less difficult than expected?
– As previously discussed, the initial project description set some lofty goals given the time and
monetary constraints. However, at the time, the scope of the project that our costumer, Josh
An set out for us at the beginning of the semester the project did not seem wildly out of our
capabilities. We had anticipated that the project would be difficult given time constraints
(i.e only having a semester to complete the prototype), and based on some initial research we
had done we knew that similar products were very expensive and that our budget would be
a limiting factor.
Once we actually began to design, purchase, and construct our product the true difficulty of
the project came to light. Design of the actual propulsion mechanism, in it’s structure and
electrical system was about on par with the amount of work and difficulty we had anticipated.
If anything, it might have been a bit easier. What was extremely difficult was waterproofing
the product. We had plans to incorporate waterproofing mechanisms into our design, though
after the purchase of our propellers which were not as waterproof as advertised we did not
pursue these mechanisms or further ideas of waterproofing. We put some thought into trying
to water proof the propellers ourselves though this proved to be quite difficult. So, in terms
of difficulty, the waterproofing of the design was more difficult than we had expected, and the
other aspects of the design were about what we had anticipated, perhaps a little less difficult.
On which part(s) of the design process should your group have spent more time? Which parts
required less time?
– While we delivered an attractive device with elegant organization of wiring and batteries, we
failed to address a number of important features. Our group wound up focusing disproportionately on CAD modeling for the wings and propeller cages. Printing multiple iterations
and modifying model of these components became time consuming and it impacted the outcomes of some of our other goals. We initially proposed a device that used a wrist-mounted
system to allow the diver to control the device with minimal hand usage. Because of time
mismanagement, we were only able to demonstrate the overall layout of the controls on a
breadboard and didn’t actually design a wrist mount. We used a PVC pipe to stand in for
the air tank, but we did not propose an adequate mechanism by which the air tank would
interface with the wings.
Was there a component of the prototype that was significantly easier or harder to make/assemble
than expected?
– At the beginning of the semester, we set out to design and 3D print a wing with no regard for
the size and time constraints on the 3D printers. If we had printed our first model as one solid
print, it would have taken 61 hours. Instead, we sliced the first wing into three components in
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Solidworks that we printed separately and glued together. After some careful modifications,
we were able to get the wing design completely correct on the second try. We split the wing
into two components that bolted together and still left plenty of room for the batteries, ESCs,
and propeller wiring. These two prints took 27 hours and 10 hours, which were much more
reasonable than a 61 hour-long print.
The first wing warped early on in printing because there was a small surface area in contact
with the heating platform and the first few layers peeled off of the platform. The contact
area was increased sufficiently by adding a flange where the two separate wing pieces bolted
together.
Even though we dimensioned holes in SolidWorks to accommodate the bolts we planned to
use, we still had to open up the bolt holes with a drill because the print definition was too
low.
In hindsight, was there another design concept that might have been more successful than the chosen
concept?
– If we consider the top of the diver propulsion wearable market as the standard for what is
successful in the development of this product and others like it, yes, there might have been
another, more successful concept. The top-of-the-market design is a military-used DPW that
attaches to the users legs and more than meets all of our projects initial design description.
However, our design is meant specifically for leisure divers, and the design described above
sells for tens of thousands of dollars. We consider this a barrier to most leisure divers looking
for some type of propulsion vehicle or wearable, and therefore perhaps not the most successful
concept for a product we would ever want to take to market. Furthermore, the materials
necessary to make a suitable harness and device for attachment would likely be quite difficult
to work with (e.g. nylon cord, elastic etc.), and may have led to poorer construction of
a prototype given we aren’t as familiar with the materials or process of making a harness.
Ultimately we feel as though we made the right choice for the scope of this project and a
potential product to go to market, though the leg-attached concept is a compelling design
with a lot of potential.

8.2

Design Resources

How did your group decide which codes and standards were most relevant? Did they influence your
design concepts?
– When looking for codes and standards to follow in our design process, we were mainly concerned with potentially dangerous components of the DPW. As discussed in the ”Design for
Safety” section of this report, the two biggest risks associated with using the device come from
the rotating propeller blades and the many electrical components and connections. Therefore,
we decided to use engineering standards related to these risks, with the goal of minimizing
them.
Was your group missing any critical information when it generated and evaluated concepts?
– Looking back at the turn assist design, we didn’t do any calculations to measure how the
distance between the propellers on either side of the wing would impact the feature’s effectiveness. Had we placed the propellers further out from the device, we would have increased
the turn assist capabilities. However, this would have also increase the device’s size. It would
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have been helpful to estimate the moment of inertia for a scuba diver to compare turn assist
range and device size to determine optimal propeller placement.
Were there additional engineering analyses that could have helped guide your design?
– One design aspect that is fundamental to developing a functional diver propulsion vehicle is
buoyancy. Ideally, any DPV should be neutrally buoyant which allows the diver to easily
control their depth. The best way to account for neutral buoyancy would be to measure the
mass and volume of the complete and waterproofed device and add weights or voids to balance
gravitational and buoyant forces. Analyses for neutral buoyancy would have been interesting,
but it was omitted because we were unable to waterproof our device.
Another interesting analysis would have been the placement of our propellers and the design
of the propeller cages as it influenced thrust. We designed the propeller cages such that water
could be easily replaced through the sides. However, we didn’t consider how our device might
produce thrust differently if we placed the propellers on top of the wings instead of the bottom.
If you were able to redo the course, what would you have done differently the second time around?
– Given a chance to redo the course our group would have chosen to do a few things differently.
If we had the option to chose a different project to work on, our group may have chosen a
project with greater potential to implemented or used by our consumer. Being able to actually
test the functionality of a product in its early stages is a valuable, and fun, process in terms
of design. Within the scope of our class, our product couldn’t quite do this. Ultimately we
really enjoyed our project though, and if we were to chose the same project again we still
would have changed several things.
First we would have set a more strict timeline for ourselves in terms of accomplishing early
stage things. This would have saved us a lot of time later to implement more upgrades,
and it would have allowed us to mitigate some of our larger problems in a more timely
fashion. Secondly we would have decided on and ordered the different parts we bought earlier.
Exact measurements of our propellers and many electrical components were necessary for the
structural design of the wings and electrical box. Early access to those dimensions would have
prevented some of the problems we experienced in modelling. Lastly, we would have started
3D printing earlier. The process of printing was very time consuming for our larger pieces
and provided a number of problems related to infill and supports that we had not anticipated.
These problems took away from our time and ability to iterate on our 3D printed parts.
Given more time and money, what upgrades could be made to the working prototype?
– Given more time and more money the three main improvements that our group would have
pursued first are: waterproofing, implementing a Bluetooth app, and reducing the electrical
system to use a single, rechargeable battery.
If Jet Beluga were ever to actually be tested or used in water the first issue that needs to
be addressed is the lack of waterproofing. This would include implementing water proofing
connections, purchasing waterproof propellers and sealing all cracks potentially exposed to
water.
Reducing the electrical system to a single rechargeable battery would also be a important
upgrade. It would not only allow the used to simply recharge the pack after use, but it would
make the system safer than the current system that employees four independently connected
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batteries. This change would also free up space in the hollow wings as implementing a central
rechargeable battery would likely require a remodelling of component placement.
The third upgrade our group would want to pursue initially is the use of a Bluetooth app.
Given that there are restrictions on the testing and use of iOS apps, more time would be needed
to fully flesh out a potential app and have it approved by Apple for testing. Ultimately the
app would reduce wiring needed for a wrist controller and add simplicity to the overall system.

8.3

Team Organization

Were team members’ skills complementary? Are there additional skills that would have benefited
this project?
– Taking a step back from the design process and final product, it’s very apparent that team
members’ skills were complementary. The portions of the prototype can be considered to be
broken up into two categories, structures and electronics.
Structures spanned the amalgamation of both parts and pieces found in the design studio
as well as 3D printed parts. This aspect of the prototype involved CAD modelling, precise
measurements, use of power tools, and creativity and experience in the design of structures.
This type of work suited Ethan and Jacob well, as they both had a lot of experience in cAD,
designing structural systems, and use of shop equipment.
The electronics portion of the prototype involved coding, working with Arduino, extensive
wiring, and important selection of components. Bernardo’s stronger background in coding
and use of Arduino was perfect to spearhead these efforts for the project.
Beyond these two large portions of the prototype that needed to be designed and the skills that
helped accomplish their design, group members had many more skills that aided in prototype
design, building, and work on the project/report. Some of these included: everyone’s ability
to work in a timely fashion, ability to communicate in a timely and effective manner, and a
strong basis in math. Additional skills that could’ve helped in working on the project and
producing the prototype would be: extensive knowledge of existing DPV and DPW systems
and how they work, a background in hydrodynamics, and a background in waterproofing
machines/products.
Does this design experience inspire your group to attempt other design projects? If so, what type of
projects?
– This design experience was very instructive in the obstacles that you must overcome and
attention to detail it takes to design a product. Our group learned a lot about the work
that it not only takes to produce a first or second iteration prototype, but also the additional
work that it would require to realize a true product one might take to market or actually
use. This was not only extremely helpful, but also a very exciting process. Our group was
passionate about our product and had a lot of fun designing Jet Beluga. The process more
than just the final product was more than enough to motivate and interest us in other design
projects. Given that we worked on a product meant for the fluid environment, underwater,
and that our entire group is in Dr. Boyd’s Fluid Dynamics-MEMS 5410 this semester, we have
all been interested in products involving fluid dynamics and underwater applications. One
potential project we’ve discussed is a submarine-like drone that could locate a GPS location.
Similar to the rocketry canister project a couple of other groups worked on, we think that a
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drone dropped over sea, meant to travel and explore the ocean could have many interesting
applications.
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